Theory, experimental aspects, and use in structure calculation of cross-correlated relaxation rates measured on zero-and doublequantum coherences in liquid state NMR are presented. The relative size of the interaction depends on the projection angle between the two tensorial interactions. The tensorial interaction can be either a dipolar interaction or a chemical shift anisotropy relaxation mechanism (CSA). Effects of additional sources of relaxation on the cross-correlated relaxation rates are analyzed. Also, an easy-to-use formalism is given to manipulate different cross-correlated relaxation interactions. 
INTRODUCTION
Recently, we introduced a new structural parameter into high-resolution NMR that uses cross-correlated relaxation of double-and zero-quantum coherences to extract structural information (1) . The parameter allows the measurement of projections of tensorial interactions onto each other. As opposed to NMR of liquids, such projections of tensors have been determined and interpreted in structural terms in solid-state local field separated (2) , spin diffusion (3), or multiple-quantum NMR spectroscopy (4) . For the last approach, the orientation of the two tensors with respect to each other can be derived from the sideband pattern of the multiple quantum coherences. In NMR of liquids, however, magnetic interactions between two tensors of rank 2 which belong to different heteronuclei can only be measured via double-and zero-quantum coherences and detected through relaxation. The main source of relaxation is the dipolar interaction between directly bound nuclei. In two pairs of nuclei (A 1 The dipole tensor between two spins A 1 and A 2 (B 1 and B 2 ) is axially symmetric with the axis of symmetry collinear to the bond defined as the internuclear vector A 1 A 2 . The structural implication of the angular dependence of the interaction of two dipole tensors A 1 A 2 and B 1 B 2 is therefore straightforward. It directly defines the interbond angle. For cross-correlated relaxation rates involving chemical shift anisotropy (CSA), the CSA tensor needs to be determined in the molecular frame either experimentally or by quantum chemical calculations. The latter requirement is not always fulfilled and makes the measurement of dipolar cross-correlated relaxation rates easier to interpret from a structure point of view.
To further illustrate the principle of the cross-correlated relaxation, we assume that we have two pairs of vectors A 1 -A 2 and B 1 -B 2 spanning an angle . We now describe the effects of cross-correlated relaxation on the lineshape and line intensities of double-quantum (DQ) or zero-quantum (ZQ) coherence with active nuclei A 1 and B 1 ( Fig. 1 ). These DQ and ZQ coherences evolve chemical shift ⍀ A 1 ϩ ⍀ B 1 and ⍀ A 1 Ϫ ⍀ B 1, respectively. A doublet of doublet of lines is generated with splittings due to scalar coupling of J(A 1 , A 2 ) and J(B 1 , B 2 ) if A 2 and B 2 are not decoupled during this indirect evolution period. We further assume that the sign of the gyromagnetic ratios of A 1 and A 2 and the signs of the two coupling constants are positive. In the absence of cross-corre-lated relaxation, all four multiplet components would have the same linewidth and intensities (Fig. 1b) . ␣ and ␤ denote the polarization of A 1 and A 2 , respectively. Including the effects of cross-correlated relaxation, the relative intensities of the lines are different depending on the relative orientation of the two vectors. If the two vectors A 1 -A 2 and B 1 -B 2 are oriented parallel to each other, the outer two lines are broader than the inner lines (Fig. 1c) . The opposite is true for orthogonal orientation of the two vectors (Fig. 1d) . Equal intensity for all four lines is also obtained if the two vectors span the magic angle ϭ tan Ϫ1 ( ͌ 2) Ϸ 54.7° (Fig. 1b) . Cross-correlated relaxation has already been used in the past in high-resolution NMR as well. Dalvit and Bodenhausen (5) introduced in 1988 a triple-quantum-filtered NOESY for single-quantum coherences only where a system of three nuclei, H ␣ , H ␤ pro-R , and H ␤ pro-S , in a protein is investigated to yield structural information about the side chain conformation. The complementary experiment applicable for biomacromolecules is the triple-quantum-filtered ROESY, published by Brüs-chweiler et al. (6) in 1989. The drawback of the two experiments is their inherently low sensitivity which is due to the large distances of the spins involved. Furthermore, the experiments can only be carried out if the involved nuclei are scalar coupled. Quantitative interpretation of the spectra with respect to the size of the involved angle kl,km is very difficult since the multiplets are affected by scalar couplings and relaxation, which are difficult to disentangle.
Vold et al. (7) have shown on dilute solutions of trisubstituted benzenes such as 1,2,3-trichlorobenzene that cross-correlation rates can also be used to determine the motional anisotropy of a molecule. Since the rate R 1 for each individual line is a function of the corresponding spectral density for the transition between the respective spin states (8) , D xx , D yy , and D zz can be estimated after calculation of the transition probabilities for a AB 2 spin system-assuming a nonspherical reorientational process.
Another experiment that has been recorded to characterize hindered or unhindered rotation of side chains in a protein ( 1 ) was introduced by Ernst and Ernst (9) in 1994. Sign changes in the cross-correlation rate are interpreted as a function of the motional model of the side chain. However, all these approaches did not provide structural information in a simple way.
In the following, a mathematical description of the effect of dipole-dipole and dipole-CSA cross-correlated relaxation in solution NMR will be given.
THEORETICAL DESCRIPTION

Cross-Correlated Relaxation of Zero-and Double-Quantum Coherences
In the following, we consider two spin pairs, a N-H N vector and a C ␣ -H ␣ vector in a protein, for which we excite doubleand zero-quantum coherences between N and C ␣ . The equation of motion for the different components of double-quantum and zero-quantum coherences ,Ј DQ/ZQ under the influence of the scalar coupled, directly bound, protons has the general form
The terms ,Ј DQ/ZQ summarize the double-and zero-quantum coherences In the relaxation matrix ⌫ DQ/ZQ , the term ⌫ ,Ј DQ/ZQ denotes the different cross-relaxation rates due to the heteronuclear dipolar interaction, including the dipole-dipole cross-relaxation rate ⌫ NH,CH , and the secular part of the relaxation of double-quantum and zero-quantum transitions due to NOE between the protons H N and H C , W 2 and W 0 . The nonsecular part of the latter mechanism is reflected in the off-diagonal elements W 2 and W 0 . ⌫ a contains the contributions due to autocorrelated relaxation and external relaxation of C, N-DQ/ZQ coherences. ⌫ T1 (H N ) and ⌫ T1 (H C ) denote the contributions due to T 1 relaxation of the proton directly attached to the carbon and nitrogen, respectively. The influence of nonsecular contributions in the relaxation matrix ⌫ DQ/ZQ on the angle-dependent dipole-dipole cross-relaxation rate is discussed in detail later in this article. Secular contributions in ⌫ DQ/ZQ are discussed in the following.
Dipole-Dipole Cross-Correlated Relaxation
In the following, we focus on the relaxation due to the heteronuclear dipolar couplings. The relaxation superoperator in Eq. [A.6] which acts on double-and zero-quantum coherences contains contributions from autocorrelated relaxation (V ϭ W ϭ dipole NH or dipole CH),
and from cross-correlated relaxation (V W),
in which V ϭ NH and W ϭ CH. In the autocorrelation case, the relaxation superoperator contains second-rank tensor operators stemming from only one interaction, whereas in the crosscorrelated case, double commutators containing tensor operators from two distinct interactions have to be evaluated. In the secular approximation, only double commutators with a Larmor frequency of 0 contribute (vide infra). The terms b NH and b CH are given in Eq. [A.1]. The expressions for the different relaxation rates for auto-and cross-correlated relaxation shall be illustrated in the following. As an example, the double commutator from Eqs. [4] and [5] is applied to double-quantum coherences C ϩ N ϩ H C H N Ј . For clarity, the operator symbols on the proton, carbon, and nitrogen operators are omitted in the following. The complementary expressions C Ϫ N Ϫ H C H N Ј and zero-quantum coherences behave accordingly. The four terms C ϩ N ϩ H C H N Ј (, Ј ϭ ␣, ␤) corresponding to the four multiplet lines of the doublet of doublets are subjected to the different double commutators for auto-and cross-correlated relaxation. This is summarized in Fig. 2 . Note that the result of the double commutators differs only in sign due to the relation 
and the 1 J(N,H) coupling constant are both assumed to be negative.
In the autocorrelated case, as well as in the cross-correlated case, the single line operators C ϩ N ϩ H C H N Ј are eigenoperators with respect to the j 0 (0) part. In the autocorrelated case, all lines relax equally fast, whereas in the cross-correlated case, for the two pairs of lines ␣␣ and ␤␤, as well as ␣␤ and ␤␣, the rates have the same absolute value, but opposite sign. The right-hand side of Fig. 2 shows a graphical representation of the respective rates. Altogether, the multiplet is governed by a superposition of the rates of ⌫ a and ⌫ NH,CH c , which is indicated by the sum of the two rates at the bottom at the right-hand side of Fig. 2 .
For the simplest case of isotropic reorientation, the dipoledipole cross-correlated relaxation rate for each multiplet line of the doublet of doublets according to Eq. [5] , with the spectral density function given in Eq. [A.8] for a spherical top molecule, can be written as
Thereby, NH,CH denotes the projection angle between the NH and the CH vector.
Dipole-CSA Cross-Correlated Relaxation
The cross-correlated relaxation between a dipolar coupling and a CSA tensor, e.g., dipole(NH) with CSA(N) or dipole(NH) with CSA(C), contributes to the relaxation rates of the four resonance lines. The rates for the CSA-dipole cross-correlated relaxation are derived from Eq. [A.6]. A double commutator for cross-correlated relaxation between CSA( 13 C) and a dipolar coupling of N-H is given as an example in Fig. 3 . Note that the cross-correlated relaxation rates for the four lines differ only in sign but not in absolute value. Therefore, they can be summarized as shown in Fig.  3 . Note that the assignment of the order of the spin polar- ization states of the multiplet components differs between DQ and ZQ coherences.
For the double-quantum operator, the sums of the rates of the cross-correlated spectral densities for CSA( 13 C) and CSA( 15 N) with dipole NH and CH, respectively, are observed. Accordingly, for the respective zero-quantum coherences, the difference of the rates will be observed which allows us to determine each rate individually, as will be shown later. According to Eq. [5] 
where CH,xx and CH,yy denote the angle between the CH vector and the two principal components of the nitrogen CSA tensor. An equivalent formulation is
If the CSA tensor is axially symmetric, Eq.
[7b] simplifies accordingly, setting xx ϭ yy ϭ Ќ and zz ϭ ʈ :
Further Relaxation Contributions
The cross-correlated relaxation rates affect the different multiplet components differently. Therefore, other relaxation rates that behave similarly must be investigated as well. 
and similarly for (
• . The respective double commutators for W 2 can be written as
• . Thus, the contribution to the full relaxation matrix due to NOE is given by
The NOE contributes a secular and a nonsecular term. We will see in the following that the nonsecular term can be ignored. However, the secular term remains and contributes to the linewidth of the ␣␣, ␤␤ line the rate W 2 and to the ␣␤, ␤␣ line the rate W 0 . This must be taken into account in the simulations carried out for the evaluation of the dipole-dipole cross-correlated relaxation rate ⌫ NH,CH c in the following section.
Practical Extraction Procedure
The relative signs of the relaxation rates of the individual lines ␣␣, ␣␤, ␤␣, and ␤␤ can be written-as stated above-in the secular approximation as follows for the DQ spectrum,
The relaxation rate of a signal is reflected in the linewidth at half height. In the experiment described below, double-and zero-quantum coherences are evolved in a constant time manner during the time T. The relaxation rate of each multiplet component is directly reflected in the intensity of the signal by I ϰ exp(Ϫ⌫ T). Correspondingly, the cross-correlated relaxation rates can be extracted from the multiplet intensities and also the integrals according to
[11]
Note that the reliability can be checked by variation of the constant time delay T (10). Note that this implies always taking the product of the intensities of the inner lines in the nominator and the product of the intensities of the outer lines in the denominator of the logarithm (Fig. 3) .
We have calculated the dipole-dipole cross-correlated relaxation rate on the left-hand side of Eq. [11] with simulations with the program WTEST (11) . The basis for these simulations are Eqs. [4] and [5] . To obtain the angular information about the included projection angle between the bond vectors N-H N and C ␣ -H ␣ , Eq. [6] , which describes the angular dependence of the dipole-dipole cross-correlation rate, is combined with Eq. [11] .
The contribution to the dipole-dipole cross-correlated relaxation rate due to NOE between the two protons is given by the difference of the rates W 2 and W 0 which are given by (12, 13)
To get an impression of the size of the effect, [12] . is correlated with the distance between the two protons by the relation given in Fig. 11b .
ZQ ͑␤␤͒ ͪ [13] and are similar for the dipole(CH)-CSA cross-correlated relaxation rate,
The orientation and size of CSA tensors are well known from solid-state NMR studies for amides (14) and for aliphatic carbons (15) and can be used for these studies in high-resolution NMR. A review of investigations of CSA tensors of all kinds of heteronuclei that have been determined by means of solid-state NMR is given in Ref. (16) .
As average values for the main components of the 15 N CSA tensor for a peptide, one finds in the literature (16) (17) showing that the CSA of the 13 C ␣ varies quite strongly. Therefore DQ and ZQ spectra should show different rates with respect to the scalar 1 J CH coupling depending on the angle. Cross-correlated relaxation between C ␣ CSA and 15 N CSA does not affect the extraction procedure provided the rates are extracted from DQ and ZQ spectra individually. This holds because this cross-correlated relaxation affects all the submultiplet lines in the same way.
Constant time versus real time evolution.
Cross-correlated relaxation rates can be extracted most easily from constant time data since the intensities and the integrals directly reflect the relaxation rates. Under real time evolution, this is no longer true and the relaxation rates have to be deconvoluted from a potentially complicated lineshape that is often not known since it includes, e.g., small long-range coupling constants. We propose here a deconvolution procedure that is robust against any underlying lineshape. If we consider a multiplet with four lines with an arbitrary, however, constant lineshape L() for all multiplet components on top of the Lorentzian lineshape as described by Eq. [10] , the Fourier transformation including an apodization function w(t) will yield the following lineshape F () for the multiplet line I : [15] where ᮏ represents convolution.
As described before, the desired cross-correlated relaxation rate can be extracted from
The difference of the rates of the multiplet components, e.g., ⌫ ␣␤ Ϫ ⌫ ␣␣ , can be obtained by fitting the lineshape F ␣␣ () to the lineshape F ␣␤ () by convolution of the ␣␣ multiplet component with a Lorentzian with a trial linewidth (⌫ ␣␤ Ϫ ⌫ ␣␣ ) trial . The best fit for (⌫ ␣␤ Ϫ ⌫ ␣␣ ) trial and similarly (⌫ ␤␣ Ϫ ⌫ ␤␤ ) trial yields the desired cross-correlated relaxation rate. An example on the application of this technique is shown in Fig. 6 (18) . The ␣␣ line is broader than the ␣␤ line. Duplication of the doublet, shifting one to the low-field side (L) by J and convoluting the high-field multiplet with a trial Lorentzian L(, LB) with the linewidth LB yields the three multiplets of Fig. 6H . The intensities of the ␣␣(L) line and the ␣␤(H) line are identical if LB ϭ (⌫ ␣␣ Ϫ ⌫ ␣␤ ). Figure 6 shows the result of the fitting. The optimal LB is 1.6 Hz. 33 is rotated about ca. 20°relative to the CЈN bond. 22 is oriented orthogonal to the peptide plane. For an amide nitrogen, 11 is the most shielded component of the CSA tensors.
Nonsecular Terms in the DQ/ZQ Relaxation Matrix
To be able to evaluate properly the effect of cross-correlated relaxation, it is necessary that the involved scalar couplings are resolved. However, the resolved couplings also ensure that the relaxation matrix in Eq. [3] is faithfully evaluated taking into account only the secular components. Therefore, spectral density functions of nonzero frequency j q ( 0), proton T 1 relaxation, and proton-proton NOE that introduce nonsecular terms in the DQ/ZQ relaxation matrix ⌫ DQ/ZQ can be ignored. These terms lead to coherence transfer between the multiplet components. We show here the influence of these terms which eventually limits the applicability of the method to molecules which are very large by NMR standards where the heteronuclear 1 J couplings are no longer resolved (Fig. 7) . 
This term is a nonsecular term, provided that the chemical shifts of the two involved protons are different. We show for this example that this relaxation channel does not have any effect on the cross-correlated relaxation rate ⌫ NH,CH c . The subset of operators connected in the Liouville-von Neumann differential equation by the double commutator of Eq. [17] is given in Eq. [18] . The differential equation describes a transition between the lines of C ϩ N ϩ and
The ⌫ terms in the matrix expression of Eq. [18] are obtained after evaluation of the double commutator from Eq. [16] . The relative chemical shift of N and H C and T 1 relaxation of the two H N and H C protons which correspond to the off-diagonal elements in Eq. [3] . This leads to a transfer of magnetization between the multiplet components as indicated in the figure and to a change in intensities which is considered in the text.
FIG. 8.
Schematic representation of a signal which is split due to a scalar coupling of the size 2J into a doublet. T 1 relaxation leads to an averaging of signal intensity on the ␣ and the ␤ line and therefore to a downscaling of the cross-correlated relaxation rate ⌫ c ϭ ͉ 1 Ϫ 2 ͉, as derived from Eq. [22] .
FIG. 6.
Extraction procedure for the determination of dipole-dipole crosscorrelated relaxation rates from real time data. The two lines under investigation are shifted by the coupling constant that needs to be known. This yields the two multiplets H and L. Exponential broadening is applied on the H doublet and the intensities of the high-field line of the H doublet is compared to the low-field line of the low-field doublet. When they match trace ⌺ the difference in the linewidth of the two components is determined.
It is obvious that for ⌫ Ͻ ⌬⍀/2 both eigenvalues are purely imaginary. This is fulfilled for H C and H N due to their large difference in chemical shifts. Therefore, as long as this inequality holds, there is no contribution to the linewidths of the doublet of doublets of C ϩ N ϩ , but only a contribution to the relative chemical shift originating from double commutators of higher order.
b. Proton T 1 relaxation. In addition, scalar relaxation of the second kind (19, 20) due to longitudinal eigenrelaxation ( ii -and jj -element of the Redfield matrix) through the interaction of the two involved protons i and j with other nuclei contributes nonsecular elements to the relaxation matrix ⌫ DQ of Eq. [3] in addition to the equal secular contributions for all lines. T 1 relaxation equilibrates the intensities of the ␣-line and ␤-multiplet line of a given doublet which can lead to an underestimation of the angulardependent cross-correlation rate (Fig. 8) . This shall be discussed in this section.
To evaluate the contribution due to T 1 relaxation, it is sufficient to consider here a resonance line which is split due to a scalar coupling in a ␣-and a ␤-multiplet component. Their respective relaxation rates shall be ⌫ ␣ , ⌫ ␤ and their relative chemical shifts ϮJ. The rates ⌫ ␣ and ⌫ ␤ contain all the secular contributions. Furthermore, intensity is transferred from the ␣-line to the ␤-line by means of T 1 relaxation leading to exchange of coherence between the ␣-and ␤-line with the rate 1/T 1 . The system can therefore be described as
[20]
⌫ denotes the rate matrix. The eigenvalues 1 and 2 of the
After separation of the real and imaginary parts, one obtains for the root expression, which is ( 1 Ϫ 2 )/2, The real part contains the effective relaxation rate of line ␣ and ␤, the imaginary part the influence on the relative line position. The effects are illustrated in Fig. 9 for an assumed crosscorrelated relaxation rate of 20 Hz (a, c) and 5 Hz (b). The splitting of the two lines is due to the NH coupling which was assumed to be 90 Hz. Figure 8 shows that the cross-correlated relaxation rate is influenced by T 1 relaxation only for rates R 1 ϭ 1/T 1 in the order of 1 J HN . This is independent of the assumed cross-correlation rate of 20 or 5 Hz, respectively (a, b). As the rate R 1 ϭ 1/T 1 increases, the difference of the chemical shifts of the two signals of the doublet becomes smaller. Expansion of the root expression in Eq. [22] according to Taylor yields the eigenvalues
[23]
[22]
Therefore, the dipole-dipole cross-correlated relaxation rate is independent of T 1 relaxation, as long as J ӷ 1/T 1 .
EXPERIMENTAL IMPLEMENTATION
Introduction
The backbone angle in proteins (Fig. 10) (25) .
The measurement of the parameter of cross-correlated relaxation rate of double-and zero-quantum coherences involving the two dipolar vectors C k ␣ -H k ␣ and N kϩ1 -H kϩ1 N allows a quite accurate determination of the backbone angle . This is shown in the following.
Correlation of and , as shown in Fig. 11 , reveals that 2 ) as obtained from Eq. [22] is shown. The real part corresponds to the cross-correlated relaxation rate, the imaginary part to the difference of chemical shift of the ␣-and ␤-component of the resonance line. The effects of dipole-dipole cross correlation are averaged out by the T 1 relaxation when the rate 1/T 1 is in the order of the scalar coupling. In this case, however, the doublet is not resolved any more due to the decrease of ␣-and ␤-frequency difference ⌬⍀ ␣,␤ with increasing rate 1/T 1 (c).
regions of different secondary structure elements, as ␣-helices and ␤-sheets, can be differentiated. The 3 cos 2 Ϫ 1 dependence of the cross-correlated relaxation is also not degenerate for the two secondary structure elements. 
Description of the Pulse Sequence and Experimental Results
The pulse sequence which is shown in Fig. 12 is essentially a HNCOCA-like experiment (26) . A correlation between the two pairs of atoms C k ␣ -H k ␣ and N kϩ1 -H kϩ1 N is achieved by excitation of double-and zero-quantum coherences during t 2 . Starting from the proton H kϩ1 N , magnetization is transferred to the nitrogen N kϩ1 . After a further INEPT transfer over CЈ k , magnetization is finally located on the carbon C k ␣ . Through application of two simultaneous 90°pulses on 15 N and 13 C ␣ , DQ and ZQ coherences are excited for a constant time Љ. The delay Љ is optimized with respect to the C ␣ C ␤ coupling. Protons are not decoupled during t 2 . Application of the pictographical analysis from the preceding section tells us that all cross-correlated relaxation rates, dipole/dipole as well as dipole/CSA, evolve during Љ. The experiment is symmetric around t 2 . In the backtransfer step to the detected proton H kϩ1 N , a COS-CT (coherence order selective coherence transfer) element is employed for optimal sensitivity.
For the design of pulse sequences that measure cross-correlated relaxation rates, pulse sequence elements affect the evolution under relaxation in a certain predictable way. This is quite different from autocorrelated relaxation where pulse sequence elements normally do not affect relaxation. This short section introduces some rules of calculation for how an effective Liouvillian can be calculated in a pulse sequence. Although several papers have been published on average Liouvillian theory (27) , these simple rules have not been demonstrated so far.
Pulses of 180°allow us to manipulate the evolution of heteronuclear cross-correlated relaxation in a similar way as they allow us to manipulate the evolution of couplings and chemical shifts in heteronuclear spin systems. A train of 180°( 1 H) is used, e.g., in 15 N relaxation measurements, to get rid of the dipole-CSA cross-correlated relaxation rates (28) . The time evolution of the density matrix under the Hamilton operator and the relaxation superoperator is given by
Ignoring the inhomogenous part and assuming weak coupling and the secular approximation for the relaxation superoperator we can treat the evolution under ⌫ independently for each eigencoherence of the Hamiltonian Ĥ :
• ϭ Ϫ⌫ . Incorporation of a -pulse in the pulse sequence leads to the equation of motion
-Pulses have the property that for many relaxation mechanisms either the commutator or the anticommutator vanishes.
[27]
In the first case, evolution of coherence under a certain relaxation is not affected by the -pulse:
In the second case, the sign of the evolution is changed:
In this case, the -pulse in the middle of two equal delays leads to refocusing of the effect of the relaxation mechanism. Since relaxation superoperators are derived from double commutators, we present some simple rules to easily see the effect of a -pulse on a given relaxation rate. We assume we have two operators Â , B , whose cross correlation is a source of relaxation. The relaxation superoperator is then given by
A -pulse on any coherence can be written as
where P is the superoperator effecting a -rotation and P is the corresponding operator. The two operators Â and B shall be affected by the -pulse in the following way: (32) . The phases 3 and 5 are shifted by 90°in subsequent FIDS and stored separately to be able to differentiate DQ and ZQ coherences during t 2 . Aliphatic and carbonyl resonances are decoupled during acquisition using MLEV-expanded CHIRP pulses (33) . Pictorial representation of the CSA and the dipolar coupling evolution. All interactions considered are inverted at (Љ ϩ t 2 )/ 2. Since the cross-correlated relaxation behaves like the product of the interaction that is cross correlated, ⌫ CH,NH , ⌫ N,NH , ⌫ N,CH , ⌫ C,CH , and ⌫ C,NH evolve during Љ. [30] with s A , s B ϭ Ϯ1. These equations are true for all operators of Table 1 except for the case discussed below. Then it follows that
Thus, if s A s B ϭ 1 we have ͓⌫ , P ͔ ϭ 0 and if s A s B ϭ Ϫ1 we have ͓⌫ , P ͔ ϩ ϭ 0. An example to illustrate the commutator relations is described in Appendix 3. Thus, it is sufficient to know whether the -pulse inverts Â (s A ϭ Ϫ1) or not (s A ϭ 1). The same holds for B . We can pictorially represent the inversion of an interaction as depicted in Fig. 12 by drawing horizontal lines, the upper representing positive evolution of the operators Â or B and the lower if it has been inverted. For a given cross-correlated relaxation rate, the sequence is segmented in the periods in which there is no sign change for Â or for B . Then the weighted sum over the times is formed with the weights being s A s B for each time segment (Fig. 12) .
In the autocorrelated case s A ϭ s B and therefore s A s B ϭ 1. Therefore, autocorrelated relaxation is not affected by the application of a -pulse and cannot be inverted by it. There is only one exception to this rule for the operators of Table 1 which is discussed in the appendixes. For the cross-correlated case, we consider here two examples.
(a) Dipole-dipole cross-correlated relaxation.
Application of a ( 15 N)-pulse or a ( 13 C)-pulse leads to s A s B ϭ Ϫ1 and therefore refocusing of the cross-correlated relaxation. A ( 1 H)-pulse, however, does not affect the relaxation since s A s B ϭ ϩ1. This is used in the sequence of Fig. 12 where the ( 15 N)-pulse and ( 13 C)-pulse leave the HN, CH dipolar crosscorrelated relaxation invariant. 
Note. The calibration has been chosen such that
Application of a ( 15 N)-pulse or a ( 13 C)-pulse leads to s A s B ϭ ϩ1,
whereas a ( 1 H)-pulse leads to refocusing of the interaction (s A s B ϭ Ϫ1).
The pictorial representation used in Fig. 12 depicts the evolution of each of the Hamiltonians of interest during the period Љ. All operators are inverted after (Љ ϩ t 2 )/ 2 leading to the full evolution of all cross-correlated relaxation rates that originate from any of the magnetic interactions.
The DQ/ZQ HNCOCA experiment has been applied to the protein rhodniin which is a thrombin inhibitor. The protein consists of 103 amino acids and folds into two domains which are connected via a flexible linker. Each domain contains a triple-stranded ␤-sheet and a ␣-helical region. Experimentally obtained spectra are shown in Fig. 13 . The doublet of doublet lines is not completely symmetric with respect to the resonance frequency. This is due to a different X-CSA contribution which can be observed on the multiplet lines correlated with the 1 J HX coupling (X ϭ C ␣ or N, respectively). The cross-correlated relaxation rates ⌫ NH,CH c can be extracted from the intensities of the lines ␣␣, ␣␤, ␤␣, and ␤␤ with the procedure described above.
Cross-Correlated Relaxation Rates as a Tool for Structure
Refinement in Restrained MD Simulations
The extracted crosscorrelated relaxation rates are used as restraints in the X-PLOR protocol to refine the backbone angle . The starting structures for the ⌫-refinement have been generated using the simulated annealing protocol developed by Brünger for X-PLOR (29) . It consists of a 32.5-ps high-temperature phase at 2000 K, a first 25-ps cooling phase to 1000 K, and a second 10-ps cooling phase to a final temperature of 100 K. A total of 1645 unambiguous and 65 ambiguous NOE restraints have been taken into account as well as 22 dihedral restraints for the -and 28 dihedral restraints for the 1 Dipole(NH)-dipole(CH) cross-correlation rates tend to assume positive values for ␤-sheet regions, whereas they are around zero for ␣-helices. Coils and turns show negative rates. The theoretical angle-dependent cross-correlation rate is drawn with a solid line in Fig. 14 . The curve was simulated with the program WTEST (11) assuming an overall correlation time of the molecule of c ϭ 6.0 ns. This value is consistent with 15 N relaxation measurements (30) that yield a value of 6.4 ns for the second domain and a value of 5.4 ns for the first domain in rhodniin. In Fig. 15 the -and -angles of all 30 unrefined structures are depicted in circle diagrams as obtained from MOLMOL. The count for the structures is encoded in the radius. Thus a straight line from the center of the circle to the diameter like for 38 indicates that the same value is obtained for all 30 structures. The dashed line indicates 0 for the angular value; the values increase clockwise. Shaded in light gray are angles restrained by dipole-dipole relaxation rates; shaded in darker gray are angles which will be additionally restrained by dipole-CSA relaxation rates in a further calculation.
The refinement is performed by a 100-ps restrained MD with all restraints included which have already been used in the simulated annealing plus 30 dipole-dipole cross-correlated relaxation rates. Since the dependence of the relaxation rate on the -angle can be approximated by a Karplus-like function of the form ⌫ ij c () ϭ 25.536 cos 2 ( Ϫ 119°) ϩ 10.332 cos( Ϫ 119°) Ϫ 12.309 for c ϭ 6 ns, the additional energy term is accounted for by making use of the parabolic potential for coupling constant refinement already implemented in   FIG. 15 . Circle diagrams of the -and -angles of all 30 structures before refinement. Shaded in light gray are all angles which will be restrained by ⌫ CH,NH c relaxation rates; shaded in darker gray are all angles which will be additionally restrained by dipole-CSA relaxation rates in a second calculation. All circle diagrams in this paper have been prepared with the program MOLMOL (34).
X-PLOR. During the run, the force constant for the ⌫-restraints is increased exponentially with time. Several calculations have been carried out using different final force constants. The force constants for the ⌫-restraints were optimized such that the standard deviation of the calculated relaxation rates reflects their approximate experimental error. Thus, 1.25 kcal mol
Ϫ1
Hz
Ϫ2 turned out to be a reasonable value for the final force constant. Variation of the ⌫ error (which is defined in the same way as the J-error in the X-PLOR help function (29) ) between 0 and 5 Hz did not have any effect on the results either for the regions with secondary structure or the loops except for a lower energy, the larger the ⌫ error was. Figure 16 shows the experimental cross-correlation rates ⌫ NH,CH c together with the respective average -angles after this refinement procedure.
The rms difference for the relaxation rates to the experimental value decreases from 7.87 Hz for the starting structures to 0.97 Hz for the final structures. The average energy of the ⌫-restraints drops from 2167.2 to 11.4 kcal/mol; the total energy rises from 663.9 kcal/mol for the protein without ⌫-restraints to 833.9 kcal/mol for the restrained protein. For one restraint there are four and for another restraint there are three violations larger than 3 Hz in 30 structures. There are no violations larger than 5 Hz in any of the structures. The average standard deviation to the mean calculated relaxation rates amounts to 0.42 Hz. Most of the -angles converge to a single value except those of the residues T22, C27, D73, and P91, which converge to two different values ( 22 1 ϭ ϩ77.0°, 22 2 ϭ ϩ159.9°; 27 1 ϭ Ϫ68.5°, 27 2 ϭ Ϫ51.1°; 73 1 ϭ ϩ49.2°, 73 2 ϭ Ϫ20.9°; 91 1 ϭ ϩ78.7°, 91 2 ϭ ϩ159.0°). To illustrate this effect, we have chosen the circle representation in Fig. 17 .
Due to the refinement, the rms difference for the NOE restraints rises from 4.47 ϫ 10 Ϫ2 to 5.06 ϫ 10 Ϫ2 Å. The average rmsd value to the mean structure for the backbone atoms rises from 0.39 Å to 0.46 Å for the core region of the first domain (amino acids 14 to 48) and from 0.34 to 0.43 Å for the core region of the second domain (amino acids 66 to 101).
Similar to a Karplus relation, the 3 cos 2 Ϫ 1 function of the cross-correlated relaxation rate can also assume different -values for one single crosscorrelation rate. The main axis of the 15 N CSA tensor does not lie parallel to the N-H bond. Therefore, the cross-correlated relaxation rate ⌫ N,CH c between the (C ␣ -H ␣ ) k vector and the N kϩ1 CSA tensor has a different -dependence than ⌫ NH,CH c and can help to resolve the -ambiguities (Fig. 18) . Figure 19 shows the dipole(
as a function of the backbone angle k as found in structures calculated with X-PLOR before the refinement procedure.
The dependence of the CSA-dipole relaxation rate can be fitted in the same way as that of the dipole-dipole relaxation rate by a Karplus-like function. Here, one finds ⌫ N,CH c () ϭ 10.042 cos 2 ( Ϫ 119°) ϩ 7.971 cos( Ϫ 119°) Ϫ 7.506 for c ϭ 6 ns. As the maximum value of the CSA-dipole relaxation rate is approximately half as large as the maximum value of the dipole-dipole relaxation rate, the force constant of the former is chosen four times as large as the force constant of the latter to achieve a roughly equal weight of both classes of restraints. If one uses all 33 measured CSA-dipole relaxation rates, some of them come into conflict with the dipole-dipole relaxation rates. This could be due to the fact that one measures the average relaxation rate of different conformations. Those can only be treated correctly by a refinement with ensembleaveraged cross-correlated restraints which will be left to further work. For the present calculations, all conflicting ⌫-restraints were excluded so that one is left with 30 dipole-dipole and 19 CSA-dipole restraints. As in the calculations with dipoledipole restraints only, the -angles of residues T22, C27, and P91 converge to two different values ( 22 1 ϭ ϩ47.9°, 73 2 ϭ Ϫ30.0°. Hence, this is a case where the dipole-CSA restraints resolve an ambiguity found with dipoledipole restraints alone. The values of the angles remain nearly unchanged compared to the calculations without dipole-CSA restraints. The dipole-dipole relaxation rates after the refinement are shown in Fig. 20 ; the dipole-CSA relaxation rates are shown in Fig. 21 .
The circle diagrams in Fig. 22 illustrate the changed behavior for angle 73 . Due to the refinement, the rms difference of the ⌫-restraints drops to 1.24 Hz with a standard deviation of 0.40 Hz for the dipole-dipole and of 0.16 Hz for the dipole-CSA restraints. There are no violations of the ⌫-restraints larger than 5 Hz; two restraints are violated in 1 of 30 structures and one restraint is violated in 2 of 30 structures. During the refinement procedure, the total energy of the ⌫-restraints decreases from 3113.7 to 140.4 kcal/mol. Nevertheless, the total energy rises compared to the unrefined protein from 663.9 to 979.2 kcal/mol. In part, the increase of the total energy is due to the fact that the limitation of the relaxation rates restrains the angles to a region smaller than the tolerance typically used for dihedral restraints of Ϯ30°, so the entire structure is slightly more strained than without relaxation rate restraints. The rms difference for the NOE restraints rises to 5.13 ϫ 10 Ϫ2 Å. The average rmsd values to the mean structure for the backbone atoms rise from 0.39 to 0.46 Å for the core region of the first domain and from 0.34 to 0.42 Å for the core region of the second domain. Although the local rmsd has small maxima around amino acids with double -angles, the rmsd is also increased for the other regions of the protein. The overall structure of the protein does not change very much and its secondary structure is nearly unaffected by the refinement. The rmsd of the backbone atoms of the mean refined structure to the mean unrefined structure is 0.18 Å for the core region of the first domain and 0.31 Å for the core region of the second domain.
In principle, the cross-correlated relaxation rate ⌫ N,NH c between the 15 N CSA tensor and the N-H N vector as well as the cross correlation rate ⌫ C,CH c between the 13 C ␣ CSA tensor and the C ␣ H ␣ vector can also be obtained. However, these rates can be measured more reliably by means of 15 N and 13 C ␣ relaxation measurements and therefore are not given here.
CONCLUSION
We have shown that cross-correlated relaxation rates, either between two dipolar or one dipolar and one CSA 
FIG. 21. Graphical representation of the extracted dipole(C
cross-correlated relaxation rates as a function of the backbone angle k as found after refinement with dipole-dipole and dipole-CSA relaxation rates. The dotted diamond has the same meaning as in Fig. 20. interaction, can be used for the determination of the structure of a molecule by means of NMR. These new structural restraints are independent of any Karplus-type calibration and therefore are especially valuable for the conformational analysis of molecules where such a calibration is difficult to obtain. Furthermore, the effect of cross-correlated relaxation is not restrained to the analysis of local geometry, but can be used for the determination of the relative orientation between arbitrary directors within one molecule or between two molecules, if a correlation between these two can be established. Especially for, e.g., deuterated proteins or protein complexes, we expect this parameter to become a useful tool in the future. 
. Dipole-Dipole Interaction
The Hamiltonian describing the dipolar interaction between two spins can be written in the form (12, 13, 19, 35) 
FIG. 22.
Circle diagrams of the -and -angles of all 30 structures after refinement with dipole-dipole and dipole-CSA relaxation rates. Shaded with light gray are all restrained angles; shaded with darker gray are the three angles which assume two values after refinement and shaded with dark gray is 73 which is restrained to a single value by additionally taking into account dipole-CSA relaxation rates.
Thereby, ␥ k and ␥ l denote the gyromagnetic ratio of the nuclei k and l, ប the Planck constant, and r the distance between the two nuclei. The angles kl , kl refer to the orientation of the vector r kl with respect to the applied field. The exact expressions for the second-rank tensor operators Â kl (q) (Î k , Î l ) and the time-dependent modified spherical harmonics F kl (q) ( kl , kl ) are given in Table 1 .
The second main relaxation mechanism is relaxation through chemical shift anisotropy. The contribution to the Hamiltonian due to CSA in the principal axis frame (PAS) of nucleus k and in the laboratory frame (LF) can be written as (12, 13, 19, 35) 
for axially symmetric CSA tensors. The B i denote the components of the applied field B 0 in the PAS. In the LF, in analogy to Eq. [A.1], the CSA Hamiltonian can be separated into the time-dependent, orientational functions F k (q) ( k , k ) and the time-independent spin operator terms Â k (q) (Î k ) (12, 13, 35) . The expressions for the second-rank tensor operators Â k (q) (Î k ) and the time-dependent modified spherical harmonics F k (q) ( k , k ) are again summarized in Table 1 . The angles k and k are the polar coordinates of the main axis of the axially symmetric tensors in the laboratory frame.
The convention we use for Â k (q) (Î k ) and F k (q) ( k , k ) ensures that the integral
and therefore the spectral density functions
For Eq. [A.2b], we assumed an axially symmetric tensor. However, this is no restriction of generality since each asymmetric CSA tensor can be decomposed into a superposition of two axially symmetric tensors: The bilinear form of the CSA contribution to the Hamilton operator in the PAS from Eq. [A.2] can be-after diagonalization of the CSA tensor-rewritten as (35)
The first term in Eq. [A.3] describes the isotropic part of the chemical shift, the second and third terms, the axially symmetric anisotropic contributions. Equation [A.3] can be used for the description of cross correlation between arbitrarily anisotropic tensors since an asymmetric anisotropic tensor of rank 2 can be contracted from two axially symmetric tensors lying along orthogonal axes. Using Table 1 , ʈ Ϫ Ќ would be xx Ϫ zz with x as axis of reference due to the second term, and ʈ Ϫ Ќ would be yy Ϫ zz with y as axis of reference due to the third term in Eq. [A.3] . For the special case of a symmetric CSA tensor ( xx ϭ yy ϭ Ќ ), one finds
APPENDIX 2 Relaxation Superoperator and Spectral Density Functions
The relaxation superoperator in the Liouville-von Neumann equation,
has the general form
where the indices V and W refer to the interactions that are the source for relaxation. The term j VW q ( q ) denotes the spectral density function and is obtained by evaluating the correlation function of the spherical harmonics,
The bar indicates time average over t. In the autocorrelation case (V ϭ W), both interactions V and W are originating from the same source of interaction, e.g., the same pair of nuclei.
In the cross-correlation case, the time-dependent spherical harmonics refer to different kinds of tensorial interactions (V W). The cross-correlation case only shall be considered in the following. The theory for the description of intramolecular dipolar interaction in coupled multispin systems has been developed some time ago (36 -40) . Formulae have been derived for the three cases of isotropic, axially symmetric, and generally anisotropic reorientation which are given in the following. A review on this topic is found in Ref. (40) .
A.2.1. Spherical Top Molecules
The spectral density function for isotropic rotational diffusion has been derived by Hubbard Fig. 1 , is the included angle between the two bond vectors N-H and C-H.
A.2.2. Asymmetric Top Molecules
The spectral density function for the asymmetric top assumes the form (36c, 38, 40) 
A.2.4. Inclusion of Internal Motion
Internal motion can be incorporated into the spectral density either by the Lipari and Szabo (43) approach or by explicit calculation of the motion from, e.g., motional models of molecular dynamics trajectories. In Eq. [A.7] , the spectral densities are Fourier transformations of the motion of the molecule with respect to the external magnetic field. This equation assumed that internal motion is absent. Rewriting the spectral densities as a convolution (ϫ) of a Fourier transformation of the global motion and the Fourier transformation of the local motion, we find for the first term j V,W q ( q ) in Eq. The Fourier transformation concerns ; the average is taken with respect to t. P 2 [cos ] denotes the Legendre polynomials (3 cos 2 Ϫ 1)/2. If we assume the internal motion to be uncorrelated and fast with respect to the global motion, Eq.
[A.14] can be directly used to compare field-dependent experimental relaxation rates with predicted rates and for the analysis of molecular dynamics trajectories or for the analysis of models.
Application of the Lipari and Szabo approach assumes in addition an exponential decay of the correlation function with the characteristic rate i from time 0 to the time according to where (S VW q,0 ) 2 is the order parameter for the respective interaction and i corresponds to the internal correlation time (44, 45) .
APPENDIX 3 Transformation Properties of Relaxation Superoperators under -pulses
The transformation of the relaxation operators under -pulses is described in Eq. [31] . There is, however, one exception to this rule for the operators of Table 1 . A selective -pulse on spin I k applied to Â kl
Thus these operators are not transformed into themselves or their hermitian conjugate. For example, we find for a relaxation superoperator, .16] Application to the NOESY experiment with a selective inversion pulse on spin I k in the middle of a mixing time yields the transformation ⌫ P k, x Î kz ϭ b kl b kl j ͑0͒ ͑0͓͒Ϫ
